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Abstract Real-time 3D echocardiography (RT3DE) has
already been shown to be an accurate tool for left ven-
tricular (LV) volume assessment. However, LV border
detection in RT3DE remains a time-consuming task jeop-
ardizing the application of this modality in routine practice.
We have recently developed a 3D automated segmentation
framework (BEAS) able to capture the LV morphology in
real-time. The goal of this study was to assess the accuracy
of this approach in extracting volumetric parameters in a
clinical setting. 24 RT3DE exams were acquired in a group
of healthy volunteers (# =5) and diseased patients
(# = 19), with LV volume/function within a range typi-
cally measured in a clinical setting. End-diastolic and end-
systolic volumes (EDV, ESV) were manually contoured by
3 expert sonographers from which the stroke volume and
ejection fraction (SV, EF) were calculated. The values
extracted with BEAS were compared to the average of the
3 experts measurements using correlation and Bland-
Altman statistics. Linear regression analysis showed a
strong correlation between the automated algorithm and the
reference values (R = 0.963, 0.947, 0.944 and 0.853 for
EDV, ESV, SV and EF respectively). Bland—Altman
analysis revealed a bias (limits of agreement) of 2.59
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(—25.39, 30.57) ml, —2.11 (—24.91, 20.69) ml, 4.70
(12.93, 22.34) ml and 3.45 (—8.96, 15.87) %, for EDV,
ESV, SV and EF respectively. Total analysis time using
BEAS was 30.7 &£ 7.5 s. BEAS allows for a fast and
accurate quantification of 3D cardiac volumes and global
function with minimal user input. It may therefore con-
tribute to the integration of 3D echocardiography in routine
clinical practice.

Keywords 3D echocardiography - Left ventricular
volumes - Left ventricular global function - Real-time
segmentation - Automated border detection

Introduction

The assessment of cardiac morphology and function by
ultrasound imaging has made a significant step forward
by the introduction of real-time 3D echocardiography
(RT3DE), as it allows a truly 3D visualization of the heart
avoiding some of the problems intrinsically associated with
2D imaging (foreshortening, the need for geometrical
assumptions when computing volumes, out-of-plane motion
artifacts, etc.). Several studies have shown that left- and
right-ventricular volumes (end-diastolic volume, end-sys-
tolic volume and stroke volume) can be accurately measured
with volumetric ultrasound by comparing the RT3DE find-
ings with the current gold standard, i.e. Magnetic Resonance
Imaging (MRI) [1-6]. Given the advantages of ultrasound
imaging in a clinical environment (such as its low cost and its
bed-side applicability), RT3DE may well become the stan-
dard for the assessment of left ventricular volumes in the
future.

However, accurate volume measurements require pre-
cise delineation of the endocardial border. Manual
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delineation of these boundaries in three dimensional data is
a cumbersome and time-consuming task, making the
introduction of this approach in clinical routine impracti-
cal. Hereto, several software packages have been intro-
duced to aid the clinician in this contouring process by
providing some form of automation. TomTec Imaging
Systems (Unterschleissheim, Germany) presented com-
mercial tools for 3D volume quantification, using a semi-
automated approach [7]. The initial software relied on a
multi-planar interpolation approach (MIM), where multiple
equidistant long-axis planes were sliced through the 3D
data. After manual initialization and semi-automated bor-
der detection plus manual correction in each 2D slice, a
spatio-temporal smoothing spline is used to reconstruct the
LV model. A more recent software tool from the same
company expanded the scope of the LV segmentation to
4D detection (full-volume reconstruction approach, FVR)
[8]. In this software, the user is asked to manually trace the
endocardial border in 3 long axis planes at end-diastole and
end-systole. A spatio-temporal deforming balloon is then
fitted to these initial contours and deformed until it best fits
the cardiac walls in each frame, being manually corrected
afterwards. Contrarily to the purely offline approach
offered by TomTec, Philips Healthcare (Best, The Neth-
erlands) introduced the possibility of both offline and
online analysis with their 3DQ Advanced software suite
[9]. Using this tool, 5 anatomical landmarks are used to
initialize a deformable shell model [10], which is after-
wards deformed towards the LV boundaries, with the
option of manual correction. More recently, also General
Electric (GE Vingmed, Horten, Norway) introduced a
software package, 4D AutoLVQ, which allows automated
segmentation and volume quantification of the left ventri-
cle [11]. After a total of nine landmarks are defined at end-
diastole (2 points at the mitral annulus plus 1 point at the
apex in each of the three long-axis apical views), non-
temporal 3D surface detection is immediately performed to
extract the endocardial border and to compute the EDV.
Additional landmarks can be added to improve the surface
detection and the process is then repeated for end-systole.
A more extensive overview on the available methods for
automated LV border detection can be found in the recent
review by Leung and Bosch [12].

Next to the accuracy and precision of a given segmen-
tation methodology, the time required to obtain those
results is critical for introduction of the approach in clinical
routine. Jacobs et al. [9] have shown that online LV vol-
umetric analysis can provide accurate results in less than
2 min per volume. However, in their study, manual
adjustments were required in 42 % of the analyzed cases
using an online quantification tool, increasing the analysis
time from 2 min to up to 5 min per volume. Jenkins et al.
[13] have shown the superiority of the offline approaches in
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terms of accuracy and precision, at the cost of tripling the
analysis time (630 £ 30 s vs. 240 £ 20 s). Hansegaard
et al. [11] and Muraru et al. [14] have shown that a more
advanced, automated software package (AutoLVQ 4D, GE
Vingmed, Horten, Norway) can reduce the average time of
analysis when compared with standard semi-automated
strategies, while keeping comparable accuracy. However,
the results of Muraru et al. show that a noticeable increased
agreement can be achieved by manually adjusting the
results from an automated method, at the cost of doubling
the total analysis time (48 4+ 24 s vs. 112 &+ 30 s). Thus,
the need of manual input required for accurate LV volu-
metric analysis has a strong impact in the human time cost
associated with the extraction of such indices from RT3DE
data. Furthermore, the state-of-the-art automated methods
can reduce the analysis time when compared to semi-
automated approaches but still heavily depend on user
correction to achieve accurate results. Since manual
refinement is dependent on the expertise of the operator,
these corrections also intrinsically introduce observer-
dependent variability [15].

We have recently presented a fast automated segmen-
tation framework (B-spline Explicit Active Surfaces,
BEAS) that allows segmenting challenging inhomogeneous
data in real-time [16]. This algorithm only requires manual
initialization using 6 points per 3D volume with the sub-
sequent segmentation being automated. The focus of the
present work was the assessment of the accuracy and
precision of BEAS against manually extracted references
from RT3DE. In order to reduce the influence of manual
editing, no additional refinement was allowed in order to
only evaluate the quality of the results provided by the
algorithm upon manual initialization. Moreover, in this
way, a time-consuming part of the volume assessment—as
typically required in the current state-of-the-art commercial
software packages—was avoided having direct conse-
quences for the feasibility of these measurements in routine
clinical practice.

Methods
Image acquisition

24 real-time 3D echocardiography exams were acquired
using a Siemens Acuson SC2000 rev. 1.5 (Siemens Ultra-
sound, Mountain View, CA) using a 4Z1c matrix trans-
ducer. Volume sequences were acquired from an apical
window and the sonographer aimed at the inclusion of the
entire LV within the pyramidal field of view. Volume rates
ranged from 20 to 40 volumes per second. The ultrasonic
transducer operated at a central frequency of 2.8 MHz,
with the acquisition sector width varying between 60° and
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90°. The image data had isotropic voxel dimensions, which
varied between 0.7 and 1.3 mm (1.038 & 0.17 mm).

The acquired data corresponds to RT3DE scans ran-
domly taken from an existing database, where the only
inclusion criterion was to have the entire LV endocardial
border inside the image pyramid, even if not properly
visible. All patients gave their written informed consent, as
well as the healthy volunteers.

The image quality of each exam in the analyzed dataset
was classified by three experts as poor, fair or good in
accordance to the percentage of the myocardial wall clearly
visible in the image (<60 %, 60-75 %, >75 %), the con-
trast between the blood pool and the tissue and the presence
of severe image artifacts.

LV volumetric analysis
Manual analysis

The end diastolic (ED) and end systolic (ES) frames were
defined based on the ECG as well as the frames with the
largest and smallest volume of the LV assessed visually.
Next, both ED and ES volumes were segmented by the
operator using a semi-automated method (eSie LVA pre-
release software, Siemens Ultrasound, Mountain View,
California, USA). Hereto, on the apical 4 chamber view,
the apex and base of the septal and lateral wall were
marked. The software then detects and displays a mesh on
the endocardial left ventricular surface. The user then
visually assesses the resulting contour in multiple
views and planes for accuracy and adjusts manually as
required.

Automated analysis

The automated border detection algorithm has been pre-
viously described and has as key feature its ability to
capture the boundaries of challenging inhomogeneous
objects in real-time [16]. Furthermore, it does not use any
kind of statistical shape prior or geometrical assumption.

Manual initialization stage

Blanel Plane 2

An ellipsoid is fit to the 6 user
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Fig. 1 Dataflow for automated segmentation algorithm

The underlying principle of the algorithm uses local con-
trast as an attractor of the contour. Thus, after initialization
of the LV boundary position, the contour is automatically
deformed towards positions of high contrast, indicating the
blood-tissue interface. This is done in a framework that
guarantees the smoothness and the spatial coherency of the
3D surface, allowing therefore a result that maximizes the
total contrast around the entire contour without introducing
any cusps or spatial irregularities on the segmented LV
shape. Furthermore, the evolution of the contour is intrin-
sically made robust to noise. Further information regarding
the technical details of the BEAS algorithm can be found in
Barbosa et al. [16].

The analysis dataflow is shown in Fig. 1. After loading
the data and giving a single click at the center of the LV in
an automatically defined short-axis (SAX) image, one long
axis (LAX) plane is sliced from the 3D data. For this plane,
the user can scroll between the end-diastolic and end-sys-
tolic frames, in order to better visualize the cardiac struc-
tures by including its temporal behavior throughout the
cycle. The user is then asked to draw 3 points indicating the
mitral annulus and the apex, at end-diastole and end-sys-
tole. These points are used to re-slice a second LAX image
orthogonal to the first LAX plane and the manual landmark
identification process is repeated. The points indicated by
the user are simply used to initialize the algorithm, through
an ellipsoid fitting process. From this initial ellipsoid the
segmentation algorithm starts to iterate in order to find the
endocardial border without further geometrical assump-
tions on the segmentation result. The left ventricular vol-
umetric parameters are then computed once both
segmentation results are available.

Statistical analysis

All data shown is expressed as mean =+ standard deviation.
For accuracy and agreement assessment, linear regression
and Bland-Altman analysis [17] were performed between
the volumetric indices estimated with BEAS (end-diastolic,
end-systolic and stroke volumes and ejection fraction,

The initial ellipsoid is deformed
towards positions of strong contrast,
while keeping spatial coherency

LV volumetric
indexes

=

EDV
ESV
sV
EF
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EDV, ESV, SV and EF respectively) and the reference
ones (average of the volumetric indices extracted manually
by the 3 experts). Note that in the Bland—Altman analysis
the difference is calculated as the reference value minus the
automated software value.

The William’s test, as introduced by Chalana et al. [18],
was employed to assess whether the results from the
automated method are within the agreement limits of the
experts’ manual references. The William’s test allows
comparing the agreement of an observer with the joint
agreement of other observers. When the Williams index is
close to one, it indicates that the L'V indices estimated with
the automated method differ from the manual LV indices
as much as the LV indices differ from one manual expert to
another. If the Williams index is higher than one, it implies
that the average agreement between the automated method
and the manual references is actually higher than the
average agreement between the observers. Further details
regarding this test can be found in the original work of
Chalana et al. [18].

For the assessment of reproducibility, a second user was
asked to initialize the algorithm for the entire data set. In
order to provide a standard for comparison of the user
dependency of the algorithm, the pairwise difference
between the 3 experts was used. It is important to address
that the two users providing the initialization using the
automated method were not the same users that provided
the manual analysis, being thus fully blinded to the results
from the manual contouring process.

The software tools PASW Statistics 18 (SPSS Inc,
Chicago, IL, USA) and Excel 2007 (Microsoft Corpora-
tion, Redmond, WA, USA) were used for the statistical
analysis. A significance level of p < 0.05 was used in the
statistical tests.

Results

The analyzed dataset includes a wide spread in LV
dimensions [EDV range = (50, 240 ml)] and LV global
functional status [EF range = (22, 68 %)]. The dataset
comprised both healthy individuals (# = 5) and patients
(# = 19) with a multitude of conditions, including valvular
disease, congenital heart defect and ischemic/dilated car-
diomyopathy with severely distorted LV geometry. An
overview regarding the clinical details of the dataset used
in the present study is given in Table 1. The results of the
expert assessment on image quality are given in Table 2,
illustrating the variable image quality of the data.

The average analysis time required to extract all the LV
volumetric indices was 30.7 & 7.5 s. Note that most of this
time was associated with the user preview of the data and
manual initialization with 12 + 1 clicks per dataset.

@ Springer

Table 1 Clinical and echocardiographic characteristics of the study
population [¢ & o, (range in absolute values)]

Population details N=24

Age (years) 46.4 + 22.1 [11-83]

HR (bpm) 67.0 £ 19.5 [54-111]
Male (%) 92
LV parameters
EDV (ml) 137.3 £+ 49.7 [50.1-239.7]
ESV (ml) 66.5 £ 35.7 [25.8.1-157.3]
EF (%) 52.7 £ 11.8 [21.8-67.8]
Clinical diagnosis information
Healthy (%) 20
Valvular disease (%) 52

Congenital heart defect (%)

Apical aneurysm (%)

Hypertrophic cardiomyopathy (%)
Atrial fibrillation (%)
Other (%) 12

8
4
Ischemical cardiomyopathy (%) 4
4
4

Table 2 Image quality evaluation

Image quality Expert 1 Expert 2 Expert 3
Poor (%) 20.83 25.00 29.17
Fair (%) 37.5 50.00 29.17
Good (%) 41.67 25.00 41.67

Indeed, the time required by the automatic segmentation
algorithm to process one 3D volume was 0.33 £ 0.06 s, in
a non-optimized MATLAB (MathWorks, Natick, MA,
USA) implementation.

The results of the linear regression analysis are shown in
Fig. 2. Regression analysis shows a strong correlation
between the LV volumetric analysis using the BEAS
algorithm and the manual reference values (Pearson prod-
uct-moment correlation coefficients of 0.963, 0.947, 0.944
and 0.853 for EDV, ESV, SV and EF respectively).

Bland—Altman analysis, shown in Fig. 3, reveals a bias
(limits of agreement) of 2.59 (—25.39, 30.57) ml, —2.11
(—24.91, 20.69) ml, 4.70 (12.93, 22.34) ml and 3.45
(—8.96, 15.87) %, for EDV, ESV, SV and EF respectively.
However, this bias was only statistically significant for SV
and EF (paired ¢ test, p < 0.05).

The William index (and its 95 % confidence interval)
was 1.06 (0.99, 1.13), 1.10 (1.02, 1.17), 1.05 (0.98, 1.12)
and 0.97 (0.91, 1.04) for EDV, ESV, SV and EF respec-
tively. These results show that the level of agreement of the
BEAS algorithm with respect to the manual references is
within the inter-observer joint agreement interval.
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Fig. 2 Linear regression analysis for EDV, ESV, SV and EF

In Table 3, the inter-observer variability results are
shown. The inter-observer agreement using the automated
method was significantly better than the inter-observer
variability of the manual analysis for both EDV and ESV
(unpaired ¢ test, p < 0.05).

Discussion

The major finding of this study is bi-fold: (1) the proposed
BEAS algorithm shows similar accuracy and reproduc-
ibility than current state-of-the-art tools for the assessment
of volumetric parameters from 3D cardiac ultrasound data;
(2) the proposed methodology obtains this accuracy with-
out the need for further user correction after manual
initialization. As a result, analysis time is sped up signifi-
cantly being an advantage over the current state-of-the-art.

The good agreement of LV volumetric measurements
between RT3DE and MRI opens a very important oppor-
tunity to include accurate 3D analysis in clinical routine
without the high cost of MR imaging. Nonetheless,
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& 801
—
2 60+
w
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Reference (EF, %)

20.00

0.00 10.00

automatic left ventricular segmentation is not a trivial task
as image segmentation is strongly influenced by ultrasonic
data quality [19]. Furthermore, the results of Muraru et al.
show that even current state-of-the-art commercial solu-
tions only offer the required accuracy when a posterior
manual correction is performed, which implies spending
additional time on data analysis. Obviously, this makes the
translation of these approaches to routine clinical practice
more difficult.

In the present study, we aimed to assess a recently
developed algorithm without using manual correction of its
results, in order to tackle the above problem and in order to
avoid an over-dependency on the user’s skills to correct
eventual flaws of the software. In addition, we have not
explicitly selected a data set comprising patients with
excellent image quality, in order to truly represent the
conditions met in clinical routine. In this setting, the pre-
sented results show that BEAS is a valid tool for 3D LV
analysis given that its accuracy is well within manual inter-
observer agreement range. Furthermore, it provides these
results with minimal user input and within roughly 30 s
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Fig. 3 Bland-Altman plots for EDV, ESV, SV and EF, comparing the measured errors against the reference values [green bias (¥, p < 0.05), red

limits of agreement (1 + 1.960)]

Table 3 Inter-observer
variability analysis

BEAS inter-observer variability

Manual inter-observer variability William’s test

Absolute Relative (%) Absolute Relative (%) WI (95% CI)
EDV (ml) 6.08 + 3.77 5.01 £3.53 15.01 £ 17.23 10.74 £ 10.76 2.40 (2.21, 2.60)
ESV (ml) 7.16 £ 6.76 12.52 £ 10.57 13.42 £+ 13.53 20.53 £ 15.17 1.77 (1.66, 1.89)
SV (ml) 9.24 + 549 15.04 £ 11.79 12.41 + 11.34 17.95 + 13.67 1.29 (1.20, 1.38)
EF (%) 6.06 + 4.85 13.20 £ 13.03 6.98 + 545 13.92 + 12.10 1.05 (0.97, 1.15)

(30.7 £ 7.5 s), including the user input stage, making it
suitable for online use. This time window is very com-
petitive when compared with the results reported in the
literature, which range from around 2 min. [11, 14] to
10 min. [1, 2], although several studies report analysis
times around 5 min per dataset [5, 6, 9, 15].

The present results outperform the results of another
automated tool recently reported by Muraru et al. [14]. In
this study, the correlation found between the results of the
automated software and a semi-automated approach were
lower (R = 0.88, 0.82 and 0.75 for EDV, ESV and EF
respectively) than the ones found in the present study. Also
the biases found in the present study are smaller than the
ones previously reported for automated methods by Muraru
et al. (Bias: —24, —6.5 ml and —4.3 % for EDV, ESV and
EF respectively). The software analyzed in the present
study has slightly tighter limits of agreement for both EDV
and ESV than the ones reported by Muraru et al. [LOA:
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(=57, 9) ml and (—31, 18) ml for EDV and ESV respec-
tively], while for EF they are comparable [LOA:
(—15, 6) %]. Nevertheless, it should be noted that after
manual correction of the automated results, Muraru et al.
have shown better limits of agreement and smaller bias
pointing to the fact that whenever the user is allowed to
refine the results from the automated method, the software
validation process suffers an increased dependency on the
user skills.

Ejection fraction was underestimated with BEAS.
Although this trend was already present in the results of the
automated method presented in Muraru et al. [14], the
importance of this index in clinical practice makes the EF
bias estimated with BEAS an important issue. This might
be related to the fact that the user is asked to independently
initialize the ED and ES frames, which can introduce a bias
on both EDV and ESV measurements. Given that both SV
and EF are calculated from these values, there is a
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cumulative error effect that translates in higher bias and an
increase in the limits of agreement for these measures.
Note that this cumulative error effect on the increased SV
and EF bias arises from the opposite signs of both EDV and
ESV bias.

For EDV and ESV, the inter-observer variability was
lower using BEAS than for fully manual analysis. This is
one of the main advantages of automated analysis. It is also
noticeable that the inter-observer variability for the manual
references is higher than the values that have been previ-
ously reported. This most likely stems from image quality
issues (cf. Table 2), since the dataset comprises exams of
regular quality which were not selected based on image
quality, in order to mimic clinical routine realistically.
Nonetheless, it can also be related with different levels of
experience of the clinical experts providing the references.

However, inter-observer variability for functional
indices (SV and EF) is still comparable to fully manual
analysis. Therefore, future work will aim at strategies to
reduce the user dependency of the algorithm, either by
implementing automatic initialization procedures or by
explicitly expanding the scope of the boundary detection
algorithm. Nonetheless, it is still worthwhile to mention
that these values can still be measured much faster with
BEAS, which could lead to a significant improvement in
the routine clinical practice.

Study limitations

An important limitation of the present study is that no
direct comparison was made to clinically available auto-
mated software. However, manual analysis remains the
most accurate way of extracting LV volumes from ultra-
sound recordings, which was used to test the proposed
framework. On the other hand, the results presented were
compared primarily with the study of Muraru et al., as this
remains, to the author’s best knowledge, the only study to
explicitly assess the added value of manual correction of
the results offered by an automated volume quantification
software suite.

Since the primary aim of the present study was to assess
the performance of BEAS on the extraction of the most
relevant LV volumetric parameters from RT3DE, manual
segmentation of RT3DE data was used as reference.
Nonetheless, MRI remains the gold standard for LV vol-
ume assessment. On the other hand, several previous
studies have shown that manual segmentation of RT3DE
data offers an accurate alternative to MRI estimation of LV
volumetric indices [1-6]. In the scope of the present study
it was therefore decided to use manual segmentation of
RT3DE data as reference measurements and focus our
efforts on validating software tools that may alleviate the

physicians in the cumbersome task of manual 3D
segmentation.

Another limitation of the present study was the available
dataset size. However, it should be noted that several rel-
evant studies have also used similar dataset sizes (Muraru
et al. (# = 23) [14], Kuhl et al. (# = 24) [7], van den
Bosch et al. (# =29) [3], Sugeng et al. (# = 31) [4],
Hansegaard et al. (# = 35) [11]). Furthermore, more than
the dataset size, it should be noted its heterogeneity, both in
terms of image quality (cf. Table 2) and global LV
dimensions and function (cf. Table 1), which demonstrates
that the tested algorithm is able to cope with significantly
different imaging conditions, as one would encounter in
routine clinical practice.

It is important to stress that, although being automated,
the BEAS software still relies on manual initialization.
Given that the algorithm underneath looks for optimal
boundary positions in a neighborhood region, the initiali-
zation does influence the convergence basin of the algo-
rithm. Furthermore, by introducing different errors at end-
diastolic and end-systolic frames, the indices that express
the volume change between these cardiac phases are nat-
urally more prone to errors and less repeatable. Although
this could be tackled with automatic initialization proce-
dures, these are not straightforward and do not guarantee an
optimal correspondence between the automatic initializa-
tion at different cardiac phases. This will be topic of future
research, in order to move one step closer to fully auto-
matic LV volumetric analysis in RT3DE data.

A note should be addressed to the importance of accu-
rate EF estimation in patients with low EF values.
Although BEAS presents a competitive performance over
the entire tested dataset, whose EF ranged from 20 to 70 %,
there are only two patients with EF < 35 %. Thus future
work should further address the use of BEAS to accurately
identify EF in risk patients.

Conclusion and future work

The BEAS framework provides an accurate and repeatable
platform for 3D LV volumetric analysis, without the need
of manual editing. It is an automated method, which only
relies on manual initialization by 6 clicks per 3D volume.
Furthermore, extraction of relevant volumetric cardiac
indices takes 30 s on average. Therefore, the BEAS
framework allows for a fast quantification of 3D cardiac
morphology and global function, facilitating its use in the
clinical routine and in bed-side applications.

Acknowledgments This work was supported by FCT, Portuguese
Ministry of Science, Technology and Higher Education, under Grant
SFRH/BD/62230/2009, by the Rhone-Alpes region, through

@ Springer



316

Int J Cardiovasc Imaging (2013) 29:309-316

Explora’Doc and Accueil’Doc scholarships, and by the Research
Foundation-Flanders (Belgium, FWO-Vlaanderen), under the grant
G.0693.09. The authors would also like to express their gratitude to
the three experts providing the manual segmentations used to extract
the reference LV volumetric indices used in the present manuscript,
namely Helene Houle, Sharleen Marshall and Agnes Tsai.

Conflict of interest None.

References

1. Jenkins C, Bricknell K, Hanekom L, Marwick T (2004) Repro-
ducibility and accuracy of echocardiographic measurements of
left ventricular parameters using real-time three-dimensional
echocardiography. J Am Coll Cardiol 44:878-886

2. Caiani EG, Corsi C, Zamorano J, Sugeng L, MacEneaney P,
Weinert L, Battani R, Gutiérrez-Chico JL, Koch R, Perez de Isla
L, Mor-Avi V, Lang RM (2005) Improved semiautomated
quantification of left ventricular volumes and ejection fraction
using 3-dimensional echocardiography with a full matrix-array
transducer: comparison with magnetic resonance imaging. J] Am
Soc Echocardiogr 18:779-788

3. van den Bosch AE, Robbers-Visser D, Krenning BJ, Voormolen
MM, McGhie JS, Helbing WA, Roos-Hesselink JW, Simoons
ML, Meijboom FJ (2006) Real-time transthoracic three-dimen-
sional echocardiographic assessment of left ventricular volume
and ejection fraction in congenital heart disease. J Am Soc
Echocardiogr 19:1-6

4. Sugeng L, Mor-Avi V, Weinert L, Niel J, Ebner C, Steringer-
Mascherbauer R, Schmidt F, Galuschky C, Schummers G, Lang
RM, Nesser HJ (2006) Quantitative assessment of left ventricular
size and function: side-by-side comparison of real-time three-
dimensional echocardiography and computed tomography with
magnetic resonance reference. Circulation 114:654-661

5. Soliman OI, Krenning BJ, Geleijnse ML, Nemes A, van Geuns
RJ, Baks T, Anwar AM, Galema TW, Vletter WB, ten Cate FJ
(2007) A comparison between QLAB and TomTec full volume
reconstruction for real time three-dimensional echocardiographic
quantification of left ventricular volumes. Echocardiography
24:967-974

6. Soliman OI, Kirschbaum SW, van Dalen BM, van der Zwaan HB,
Mahdavian Delavary B, Vletter WB, van Geuns RJ, Ten Cate FJ,
Geleijnse ML (2008) Accuracy and reproducibility of quantita-
tion of left ventricular function by real-time three-dimensional
echocardiography versus cardiac magnetic resonance. J] Am Coll
Cardiol 102:778-783

7. Kiihl HP, Schreckenberg M, Rulands D, Katoh M, Schifer W,
Schummers G, Biicker A, Hanrath P, Franke A (2004) High-
resolution transthoracic real-time three-dimensional echocardi-
ography: quantitation of cardiac volumes and function using

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

semi-automatic border detection and comparison with cardiac
magnetic resonance imaging. J Am Coll Cardiol 43:2083-2090

. Soliman OI, Krenning BJ, Geleijnse ML, Nemes A, Bosch JG,

van Geuns RJ, Kirschbaum SW, Anwar AM, Galema TW, Vletter
WB, ten Cate FJ (2007) Quantification of left ventricular volumes
and function in patients with cardiomyopathies by real-time
three-dimensional echocardiography: a head-to-head comparison
between two different semiautomated endocardial border detec-
tion algorithms. J Am Soc Echocardiogr 20:1042-1049

. Jacobs LD, Salgo IS, Goonewardena S, Weinert L, Coon P, Bardo

D, Gerard O, Allain P, Zamorano JL, de Isla LP, Mor-Avi V,
Lang RM (2006) Rapid online quantification of left ventricular
volume from real-time three-dimensional echocardiographic data.
Eur Heart J 27:460-468

Gerard O, Billon A, Rouet JM, Jacob M, Fradkin M, Allouche C
(2002) Efficient model-based quantification of left ventricular
function in 3-D echocardiography. IEEE Trans Med Imaging
21:1059-1068

Hansegard J, Urheim S, Lunde K, Malm S, Rabben S (2009)
Semi-automated quantification of left ventricular volumes and
ejection fraction by real-time three-dimensional echocardiogra-
phy. Cardiovasc Ultrasound 7:18

Leung E, Bosch JG (2010) Automated border detection in
three-dimensional echocardiography: principles and promises.
Eur J Echocardiogr 11:97-108

Jenkins C, Chan J, Hanekom L, Marwick T (2006) Accuracy and
feasibility of online 3-dimensional echocardiography for mea-
surement of left ventricular parameters. J] Am Soc Echocardiogr
19:1119-1128

Muraru D, Badano LP, Piccoli G, Gianfagna P, Del Mestre L,
Ermacora D, Proclemer A (2010) Validation of a novel auto-
mated border-detection algorithm for rapid and accurate quanti-
tation of left ventricular volumes based on three-dimensional
echocardiography. Eur J Echocardiogr 11:359-368

Mor-Avi V, Jenkins C, Kiihl HP, Nesser HJ, Marwick T, Franke
A, Ebner C, Freed BH, Steringer-Mascherbauer R, Pollard H,
Weinert L, Niel J, Sugeng L, Lang RM (2008) Real-time
3-dimensional echocardiographic quantification of left ventricular
volumes: multicenter study for validation with magnetic reso-
nance imaging and investigation of sources of error. J] Am Coll
Cardiol Imaging 1:413-423

Barbosa D, Dietenbeck T, Schaerer J, D’hooge J, Friboulet D,
Bernard O (2012) B-spline explicit active surfaces: an efficient
framework for real-time 3D region-based segmentation. IEEE
Trans Image Process 21:241-251

Bland JM, Altman DG (1986) Statistical methods for assessing
agreement between two methods of clinical measurement. Lancet
327:307-310

Chalana V, Kim Y (1997) A methodology for evaluation of
boundary detection algorithms on medical images. IEEE Trans
Med Imaging 16:642-652

Noble A, Boukerroui D (2006) Ultrasound image segmentation:
a survey. IEEE Trans Med Imaging 25:987-1010



	Quantification of left ventricular volume and global function using a fast automated segmentation tool: validation in a clinical setting
	Abstract
	Introduction
	Methods
	Image acquisition
	LV volumetric analysis
	Manual analysis
	Automated analysis

	Statistical analysis

	Results
	Discussion
	Study limitations
	Conclusion and future work
	Acknowledgments
	References


